We studied cancer prevalence and exposure to 2,3,7,8-tetrachlorodibenzo-p-dioxin (dioxin) in veterans of Operation Ranch Hand, the Air Force unit responsible for the aerial spraying of herbicides in Vietnam from 1962 to 1971. A comparison group of Air Force veterans who served in Southeast Asia during the same period and who were not involved with spraying herbicides was included. Comparison veterans were matched to Ranch Hand veterans on age, race, and military occupation. We measured dioxin in 1987 or 1992, extrapolated the result to the time of service in Southeast Asia, and assigned each Ranch Hand veteran to Background, Low, or High exposure categories. This study had low power to detect an effect for specific or rare cancers. The risk of cancer at sites other than the skin within 20 years of service was increased in the Low (odds ratio (OR) = 3.4, 95% confidence interval (Cl) 1.5-8.0) and High (OR = 2.7, 95% Cl 0.9-8.0) categories, but the pattern was inconsistent with another study, suggesting that the excess risk may not have been caused by dioxin exposure. Overall, we found no consistent evidence of a dose-response gradient and no significant increase in cancer risk in the High dioxin exposure category, the subgroup of greatest a priori interest. Am J Epidemiol 1999; 149: 630-9.
Despite conclusive evidence that chlorophenols are potent carcinogens in laboratory animals, the carcinogenicity of dioxin in humans remains controversial. Traditional difficulties in extrapolating animal data to humans have limited the applicability and relevance of much of the experimental work. Numerous long-term exposure studies have established the carcinogenicity of 2,3,7,8-tetrachlorodibenzo-/?-dioxin (dioxin) in rats (1, 2) , mice (3) (4) (5) , and hamsters (6) . The consensus of most research is that dioxin is only weakly mutagenic and does not covalently bind to DNA or cause it to initiate repair synthesis, but that it does behave as a tumor promoter at the cellular level (7) .
The oncogenic response to dioxin in animals has been shown repeatedly to depend on the age, sex, and strain of species as well as the dose and route of administration (8) (9) (10) . In varying doses and routes of administration, dioxin has produced malignant neoplasms at multiple anatomic locations in rats (lung, oropharyngeal, thyroid, adrenal, and liver) (2, 3), mice (thyroid, thymus, connective tissue, and liver) (3) , and hamsters (cutaneous) (6) . Much of the basic research into the carcinogenicity of dioxin in laboratory animals has focused on the aryl hydrocarbon (Ah) receptor and the induction of the cytochrome P-450 enzyme system (11) (12) (13) (14) (15) (16) (17) . The Ah receptor has been recently isolated from human liver (18) , skin (19) , lymphoblastoid cells (20) , tonsils (21) , and colon (22) in studies of dioxin toxicity in human tissues. A recent review of mechanisms of dioxin toxicity found that, where both human and animal data exist, the sensitivity of humans to dioxin appears similar to that of experimental animals with regard to enzyme induction, chloracne, immunotoxicity, developmental toxicity, and cancer (23) . Generalized increases in cancer risk associated with dioxin exposure are considered plausible because this pattern is consistent with animal experiments in which dioxin has been demonstrated to cause cancer at multiple anatomic locations (23, 24) . In this respect, dioxin is an unusual carcinogen.
This report summarizes a study of cancer and exposure to 2,3,7,8-tetrachlorodibenzo-/7-dioxin (dioxin) in veterans of Operation Ranch Hand, the unit responsible for the aerial spraying of herbicides, including Agent Orange, in Vietnam from 1962 to 1971. These results were accumulated during the post-service period from each veteran's departure from Southeast Asia to July 10, 1997, in men participating in the ongoing
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Air Force Health Study, a 20-year prospective study of the health, mortality, and reproductive outcomes of Ranch Hand veterans.
MATERIALS AND METHODS
The details of the study design and subject selection are published elsewhere (25) . Briefly, the study seeks to determine whether veterans of Operation Ranch Hand (the personnel given the task of spraying operations during the Vietnam conflict) have experienced adverse health and whether those health effects, if they exist, can be attributed to exposure to herbicides or their dioxin contaminant. Ranch Hand veterans could have been exposed to herbicides during flight operations and maintenance of the aircraft and herbicide spray equipment. The study compares the current health and cumulative mortality experience of Ranch Hand veterans, the index group, with a comparison group of other Air Force veterans who served in Southeast Asia during the same period (1962) (1963) (1964) (1965) (1966) (1967) (1968) (1969) (1970) (1971) that the Ranch Hand unit was active and who were not involved with spraying herbicides. The study includes periodic analyses of noncombat mortality, in-person interviews, and physical examinations.
In 1982, 1985, 1987 , and 1992, participants were examined, and medical records were retrieved and coded. Participation was voluntary, and consent forms were signed at the examination site. In 1987, blood from each willing participant was collected and assayed for dioxin (26) . At the 1992 examination, veterans with no quantifiable dioxin result from blood drawn in 1987, those who refused in 1987, and veterans new to the study in 1992 were also asked to give blood for the assay. We refer to dioxin measurements made from blood collected in 1987 or 1992 as current dioxin.
We defined cancer as a malignant neoplasm and considered all occurrences of cancer during the entire post-service period from the end of each veteran's service in Southeast Asia to July 10, 1997, in all veterans who participated in at least one physical examination. Information on the occurrence of cancer was collected in questionnaires and physical examinations in 1982, 1985, 1987, and 1992 . During the period between the 1992 physical examination and July 10, 1997, we telephoned each veteran, seeking additional reports of new cases diagnosed since the last examination. All reported conditions were verified by medical record review and double blind medical coding with independent adjudication of discordances by certified medical record specialists. Conditions verified from medical records were coded according to the conventions of the International Classification of Diseases, Ninth Revision, Clinical Modification, manual (27) . Cancers discovered at death were coded from the underlying causes of death on death certificates in accordance with the rules and conventions of the International Classification of Diseases, Ninth Revision (28) .
We excluded veterans with cancer prior to service in Vietnam, those with a missing dioxin measurement, and those with a dioxin measurement we could not quantify or a cancer we could not verify. We also excluded Comparison veterans having a dioxin result greater than 10 parts per trillion (ppt), the value we regard as the threshold for background dioxin exposure. The sample size reduction is summarized in table 1. The single unverified case was lung cancer reported by a nonblack Ranch Hand officer.
We analyzed skin cancer by three cell types: basal cell, squamous cell, and melanoma. Motivated by presentations in other studies (29) (30) (31) and the rarity of cancers at specific anatomic sites in this study, we grouped cancer at sites other than the skin into five anatomic categories: 1) eye, ear, head, face, and neck; 2) oral cavity, pharynx, or larynx; 3) kidney or bladder; 4) prostate; and 5) bronchus and lung. We combined all cancers into an outcome called any cancer. Additionally, we enumerated veterans with malignant lymphoma, soft tissue sarcoma, non-Hodgkins lymphoma, multiple myeloma, lymphoreticulosarcoma, myeloid leukemia, Hodgkin's disease, and any cancer of the stomach.
Because exposure to ultraviolet light is a primary cause of basal cell carcinoma, we computed a cumulative sun-exposure index based on lifetime residential history. We estimated an average residential latitude by dividing the total degree-years (the sum of the product of the latitude and the number of years lived at each residence) from all of the residences by the total num- ). We computed PBF using the weight and height measured at the physical examination during which the veteran gave blood for the dioxin measurement. We defined a pack-year as smoking one pack of cigarettes per day for 1 year and a drink-year as drinking one shot of 80 proof whiskey per day for 1 year.
We restricted analyses of skin cancer to nonblack veterans and adjusted for birth year, military occupation (officer, enlisted flyer, enlisted ground personnel), skin color (dark, medium, pale, dark peach, pale peach), hair color (black, dark brown, light brown, blonde, red, bald), eye color (brown, hazel, green, gray, blue), reaction of skin to sun exposure after at least 2 hours (no reaction, becomes red, burns, painfully burns), reaction of skin after repeated exposures (deeply tanned, moderately tanned, mildly tanned, no tan), average lifetime residential latitude, percent body fat at the time of the dioxin blood draw, and exposure to ionizing radiation (yes, no), industrial chemicals (yes, no), herbicides (yes, no), insecticides (yes, no), and degreasing chemicals (yes, no). The numbers of nonblack veterans included in the skin cancer analyses were as follows: Comparison, n = 1,202; Background, n = 400; Low, n = 253; and High, n = 269. We included all veterans in analyses of cancer at sites other than the skin and adjusted for birth year, military occupation, race, percent body fat at the time of the dioxin blood draw, lifetime cigarette smoking (pack-years), lifetime alcohol consumption (drink-years), and exposure to asbestos (yes, no), ionizing radiation (yes, no), industrial chemicals (yes, no), herbicides (yes, no), insecticides (yes, no), and degreasing chemicals (yes, no).
Using a first order model for dioxin elimination and a constant half-life of 8.7 years (33), we extrapolated the current dioxin to the initial dioxin level at the end of service in Southeast Asia among Ranch Hand veterans having current dioxin levels greater than 10 ppt. To assess the association between dioxin and cancer, we stratified the data according to group, current dioxin level, and initial dioxin level to four exposure categories designated Comparison, Background, Low, and High. The Comparison category comprised Comparison veterans with current dioxin less than or equal to 10 ppt. The Background category comprised Ranch Hand veterans with current dioxin less than or equal to 10 ppt. The Low and High categories comprised Ranch Hand veterans having current dioxin greater than 10 ppt, with veterans assigned to the Low category if their initial dioxin was less than or equal to 94 ppt and to the High category if their initial dioxin was greater than 94 ppt, where 94 ppt was the median initial dioxin level among those with current dioxin levels greater than 10 ppt. The resultant sample sizes by dioxin category were as follows: Comparison, n = 1,275; Background, n = 421; Low, n = 276; High, n = 283. We report cumulative incidence, or prevalence, of cancer by dioxin category. We measured the association between cancer prevalence and dioxin category with the odds ratio and assessed the precision of the estimate with a 95 percent confidence interval for the odds ratio. We derived the odds ratio and its confidence interval from a main effects logistic regression model containing dioxin category and all covariates. We compared the cancer prevalence among Ranch Hand veterans in the Background, Low, and High categories with Comparison veterans. We used no stepwise reduction. We defined time to onset for veterans with cancer as the time in years between the end of the veteran's service in Southeast Asia and first diagnosis of cancer. We defined the censoring time for living veterans without cancer as the time in years between the end of service in Southeast Asia and July 10, 1997. We defined censoring time for deceased veterans without cancer as the time in years between the end of service in Southeast Asia and the date of death. We used a proportional hazards model to study the relation between time to onset and dioxin category. We report the hazard ratio, defined as the exponential of the coefficient for each dioxin category; a hazard ratio greater than 1.0 implies that the time to cancer onset is shorter for Ranch Hand than for Comparison veterans.
The statistical power of this study was limited by the size of the Ranch Hand group. Based on two-sided testing, this study had a power of 99.9 percent for detecting a relative risk of 2.0 for any skin cancer in the High category relative to the Comparison category. The corresponding power to detect a relative risk of 2.0 for cancer at sites other than the skin was 92.2 percent. The power to detect a relative risk of 1.5 for any cancer (regardless of site) was 89.3 percent. This study had no power to detect small or moderate increases in the risk of rare cancers, such as soft tissue sarcoma and No association was found between dioxin category and the time to onset of skin cancer or cancer at sites other than the skin (table 7) . Veterans in the Low category experienced significantly earlier onset of any cancer than did those in the Comparison category (hazard ratio = 1.4, 95 percent CI 1.0-1.9).
DISCUSSION
Without regard to latency, we found no evidence of a dose-response gradient and no significant increased risk of cancer in the High dioxin category, the subgroup of greatest a priori interest. The prevalence of skin cancer appeared unrelated to dioxin exposure category. The risk of skin cancer among veterans in the High category was generally equal to or less than the Comparison risk, whereas we found increased risks of skin cancer in the Background and Low categories. The risk of cancer at sites other than the skin was not increased in the High category, but we noted an increased risk in the Low category. These patterns were not suggestive of an adverse association between dioxin and cancer. Our ability to detect associations was limited by the size of the Ranch Hand group. Small numbers prevented us from analyzing malignancies by all anatomic locations; however, we found no excess risk of prostate cancer among Ranch Hand veterans in any exposure category. Our study of cancer latency found a significantly increased risk of cancer at sites other than the skin in the Low category and a nonsignificantly increased risk in the High category within 20 years of service in Southeast Asia. An enumeration by cancer type in the High and Low categories revealed no cases of lung cancer, non-Hodgkin's lymphoma, or soft tissue sarcoma, three specific cancers recently found associated with dioxin exposure in a combined industrial cohort (29) . We also found a decreased risk of cancer at sites other than the skin more than 20 years after service in the Low and High categories. These findings are inconsistent with those of a mortality study of indus- trial workers that found an increased risk of mortality from all cancers combined and from soft-tissue sarcoma and cancers of the respiratory tract more than 20 years after exposure in workers with more than 30 years employment (30) . Consistent with our latency results but also inconsistent with the industrial exposure study (30) , Ranch Hand veterans in the Low category experienced significantly earlier onset of cancer of any type. We conclude that the increased risks we found within 20 years of service may not have been caused by dioxin exposure. Epidemiologic studies of cancer and dioxin exposure have been based on cohorts of civilians exposed by occupation (29) (30) (31) (34) (35) (36) (37) (38) (39) (40) (41) (42) (43) (44) (45) (46) (47) , veterans who served in the Vietnam era (48) (49) (50) (51) (52) (53) (54) (55) (56) , and persons exposed by industrial accidents (57) (58) (59) (60) (61) (62) . The combined cohort study (29) found an increase in the risk of mortality due to cancers of all types in exposed workers. Generalized increases in cancer risk associated with dioxin exposure are considered plausible, because this pattern is consistent with animal experiments in which dioxin has been demonstrated to cause cancer at multiple anatomic locations (23, 24) .
The current dioxin levels in Ranch Hand veterans ranged from 0 to 618 ppt (median =11.9 ppt); 40 percent of Ranch Hand veterans with dioxin measurements had levels below 10 ppt, the value we consider a threshold for background exposure. Dioxin levels in 280 workers employed at either of two chemical plants in New Jersey or Missouri ranged from 2 to 3,400 ppt (median = 69 ppt) in blood drawn in 1987 and 1988 with exposures occurring from 1951 to 1969 (46) . Victims of an industrial accident in Seveso, Italy (n = 296), had dioxin levels ranging between 3 and 56,000 ppt in blood drawn between 1976 and 1985 (median = 452 ppt) (58) .
The strengths of this study include high participation and low attrition rates, a referent population closely matched to the index population, 10 years of follow-up with between 22 and 35 years since exposure, and a reliance on cancer incidence rather than cancer mortality (24) . Repeated physical examinations, medical record collection, and active quality control reduced errors that would have biased the study toward a null result.
Since all Ranch Hand veterans have been identified and invited to participate in the study, their number cannot be increased. Thus, the rarity of some of the malignancies we studied leads to imprecise measures of association, as indicated by wide confidence intervals, and small numbers prevented us from strong inferences among the most heavily exposed veterans. Confounding is another concern. Although we adjusted for all known confounders, there may be others that we have not taken into account. For example, although we adjusted for lifetime residential latitude in our analysis of skin cancer, we were unable to adjust for sun exposure during civilian employment.
This study is limited by uncertainties regarding dioxin exposure. The serum dioxin measurements are accurate (63) and correlate with reported skin exposure to herbicide in Vietnam (64), but they were made up to 30 years after exposure (average = 19.4 years). Our initial dose calculation was based on a first order decay law with an assumed constant half-life. This approach must be considered approximate in light of recent findings that the decay rate may depend on body fat (33) . Due to this uncertainty, we may have misclassified some Ranch Hand veterans. Further, we regard the Background category as a mixture of exposed and unexposed veterans whose true status cannot be determined with available data. The elimination of dioxin in the intervening years since service in Southeast Asia and lack of alternative evidence of exposure leaves the exposure status of those with background levels (below 10 ppt) unresolvable.
In conclusion, the risk of cancer at sites other than the skin within 20 years of service was increased in Ranch Hand veterans with elevated dioxin levels, but the pattern was inconsistent with that of another study, suggesting that the excess risk may not have been caused by dioxin exposure. Overall, we found no consistent evidence of a dose-response gradient and no significant increase in cancer risk in the High dioxin exposure category, the subgroup of greatest a priori interest.
